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The objective of this paper is to propose a novel methodology for determining dynamic fracture tough-
ness (DFT) of materials under mixed mode I/II impact loading. Previous experimental investigations on
mixed mode fracture have been largely limited to qusi-static conditions, due to difﬁculties in the gener-
ation of mixed mode dynamic loading and the precise control of mode mixity at crack tip, in absence of
sophisticated experimental techniques. In this study, a hybrid experimental–numerical approach is
employed to measure mixed mode DFT of 40Cr high strength steel, with the aid of the split Hopkinson
tension bar (SHTB) apparatus and ﬁnite element analysis (FEA). A ﬁxture device and a series of tensile
specimens with an inclined center crack are designed for the tests to generate the components of mode
I and mode II dynamic stress intensity factors (DSIF). Through the change of the crack inclination angle b
(=90, 60, 45, and 30), the KII/KI ratio is successfully controlled in the range from 0 to 1.14. A mixed
mode I/II dynamic fracture plane, which can also exhibit the information of crack inclination angle and
loading rate at the same time, is obtained based on the experimental results. A safety zone is determined
in this plane according to the characteristic line. Through observation of the fracture surfaces, different
fracture mechanisms are found for pure mode I and mixed mode fractures.
 2011 Elsevier Ltd. All rights reserved.1. Introduction
Engineering structures are usually subjected to complex loading
conditions in their practical working environment. Due to the arbi-
trary orientation of cracks relative to the loading directions, study
of fracture resistance of materials under mixed mode loading is
necessitated. In recent years, mixed mode fracture has attracted
more and more attention due to its signiﬁcance in the performance
and reliability of structures in engineering application. Substantial
work has been reported on experimental and theoretical research
of mixed mode fracture under quasi-static loading condition. The
most commonly used specimens include the Arcan test ﬁxture
and specimen (Kamat and Hirth, 1996; Sutton et al., 2000, 2003;
Pirondi and Nicoletto, 2002), modiﬁed compact tension specimen
(Rao et al., 2008; Srinivas et al., 2007), the single edge notched
(SEN) specimen with a crack parallel or inclined with respect to
the mid-plane (Lazarus and Leblond, 1998; Kuang and Chen,
1997; Buchholz et al., 2004), and the asymmetric pre-cracked spec-
imen (Araki et al., 2005) subjected to either three-point bending orll rights reserved.four-point shear tests. A plate in traction with a slant crack, namely
the SCP specimen (Picon et al., 1995), the semi-circular bend (SCB)
specimen containing a radial edge crack introduced from the cen-
ter of semi-circle (Ayatollahi and Aliha, 2007), and the cylindrical
specimen with a regular annular crack (Chang et al., 2006) were
also adopted in different studies to generate mixed mode fracture.
In dynamic loading cases, however, it appears by contrast that
less work has been reported and many problems are still not clear
due to theoretical difﬁculties and a lack of sophisticated experi-
mental apparatus (Rittel and Levin, 1998). With high loading rates,
the effects of material inertia and strain rate sensitivity play an
important role in the behavior of fracture, which varies largely
from that of quasi-static condition. Analytical work of mode mixity
by Lee and Freund (1990) provided a solution for the crack tip
ﬁelds for short times. This problem was studied experimentally
by Mason et al. (1992) using a coherent gradient sensor (CGS)
method. Izod-like specimens and a precracked disk were sepa-
rately used in the studies of Kalthoff and Podleschny (1992) and
Nakano et al. (1992). Bui and Maigre (1988) developed the H-inte-
gral to identify dynamic stress intensity factors and applied it to
compact compression specimen (CCS). Maigre and Rittel (1993)
introduced the procedure for mixed mode separation into the I
and II components of the H-integral, as well as its experimental
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Shield (1977) was developed for dynamic fracture applications
by Attigui and Petit (1997), and comparisons were made with
the experimental results of Rittel et al. (1992). In those studies,
dominant mode I or II was achieved through the use of CCS or
applying side impact to precracked plate by the split Hopkinson
pressure bar (SHPB) apparatus or a one-point impact experimental
setup. The SHPB apparatus was also used by Grégoire et al. (2007)
in the study of dynamic crack propagation of PMMA under mixed
loading. The specimen employed in their study was a rectangular
plate with a circular hole, and an initial notch was machined at
the border of the hole. In the investigation of mixed mode delam-
ination fracture for unidirectional graphite/epoxy composites,
Wosu et al. (2005) used a fracturing SHPB, with a line edge loading
ﬁxture attached to the input bar. In the studies mentioned above,
mixed mode fracture was induced by unsymmetrical loading and
specimen inertia. However, it is very difﬁcult to control the mode
mixity or monitor the crack tip motions in tests due to the tran-
sient character. In the development of experimental techniques
for dynamic fracture tests under mixed mode loading, the primary
difﬁculties encountered are: (1) generation of mixed mode impact
loading on crack tip; (2) precise control on proportion of mixed
mode components; and (3) determination of dynamic stress inten-
sity factor (DSIF) and crack tip initiation. Last but not least, when
an inclined crack is used, the prefabrication of crack by fatigue is
also an arduous problem because of the proclivity of the fatigue
pre-crack to rotate towards mode I orientation (Kamat et al., 1989).
In recent years, the split Hopkinson tension bar (SHTB) system
was also applied to investigations of dynamic fracture problems
of pure mode I by several researchers (Xia et al., 1994; Owen
et al., 1998; Nemat-Nasser et al., 1998). In those studies, however,
one common limitation is that equilibrium state has to be attained
and veriﬁed in the specimen during loading, in order to determine
load or displacement of the specimen by 1D stress wave theory,
and calculate DSIF using quasi-static fracture theory. Conse-
quently, the length of the specimen had to be designed sufﬁciently
short to ensure enough times of stress wave reﬂections in the spec-
imen before crack initiation. Moreover, the thicknesses of the spec-
imens used in those investigations were also very restricted, to
ensure that the fracture initiates properly under dynamic loading.
Hence, plane strain state is hard to achieve near the crack tip, and
plain stress DFT was more likely to be obtained. Recently, an im-
proved method was proposed by the authors (Xu et al., in press)
using the SHTB technique to determine DFT of materials, combined
with a hybrid experimental–numerical method. In this method, the
stress-state equilibrium is not required. Hence the dimensions of
the specimen are not limited, and the connection strength between
specimen and bars is assured with a specially designed ﬁxture de-
vice. However, how to use the SHTB apparatus to study dynamic
fracture properties of materials under mixed mode I/II loading
was still unresolved.
The objective of this paper is to develop a novel methodology
for determining DFT of materials under I/II mixed mode impact
loading based on previous study. The hybrid experimental–numer-
ical method is also adopted in the present study. First of all, a series
of tensile specimens with different crack angles are designed to
control the mode mixity of the fracture accurately. The same ﬁx-
ture device is used here as in previous study to connect the speci-
men between the incident and transmission tension bars, and at
the same time to ensure that the thickness of the specimen can
be increased to an appropriate value to achieve plane strain state
at the crack tip. In the tests, the incident and transmitted stress
waves in the bars and the fracture initiation time tf are recorded
by strain gages. With the aid of a full-scale 3D ﬁnite element sim-
ulation, temporal curves of DSIFs can be obtained, and mode I and
mode II components of DFT are determined from the curvesaccording to the measured tf. Finally, the I/II mixed mode dynamic
fracture plane is achieved, and a safety zone is determined in this
plane according to the characteristic line. Through microcosmic
observation of the fracture surfaces, different failure mechanisms
are found for pure mode I and mixed mode fractures.
2. Theoretical background
The crack tip stress and displacement ﬁelds are the bases to
fracture analysis. The basic dynamic problem of an isotropic
cracked body under mixed mode I/II condition is shown in Fig. 1.
The crack is oriented at an inclination angle b measured clockwise
to the direction of the transient loading, r(t), which is a function of
time t. According to the analysis by Chen and Sih (1977), the
expressions of the crack tip stress and displacement ﬁelds under
dynamic loading are similar to those under quasi-static conditions.
In terms of the polar coordinates r and h at the crack tip as shown
in Fig. 2, the linear-elastic displacement components of the crack
tip is given by
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where m is Poisson’s ratio, l is shear modulus and
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(
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Therefore, histories of mode I and mode II DSIF, KI(t) and KII(t), for
nodal points along a radial line emanating from the crack tip can
be calculated once the transverse and longitudinal displacements
(u and v, respectively) are known. In this study, the displacement
components are obtained through 3D FEA. The data at the center
of the crack surfaces are used to acquire the DSIF. Details of the cal-
culation method will be given in the following section.
3. Experiments
3.1. SHTB techniques
Unlike the SHPB apparatus, which has been greatly developed
and popularly used in the research of dynamic fracture properties
of materials (Jiang and Vecchio, 2009), the SHTB system is devel-
oped relatively slowly. The primary differences among the versions
of the tension apparatus are the techniques of generating a tensile
stress wave, specimen geometry and the attaching of the specimen
to the bars. Harding et al. (1960) generated tension in their exper-
iments by a direct impact of a yoke at the end of the input bar to
load a sample attached to it. Based on the traditional Hopkinson
tension bar apparatus, Nemat-Nasser et al. (1991) developed a
new technique to subject the sample to a single well-deﬁned ten-
sile pulse. In this work, a similar technique is used. The SHTB appa-
ratus and the peripheral instruments are schematically
represented in Fig. 3. This apparatus mainly consists of a gas gun,
a striker tube, an incident bar with a ﬂange at one end, a transmis-
sion bar, a momentum trap bar and the data acquisition system.
Fig. 1. Transient loading on an inclined crack.
Fig. 2. Coordinate system at the crack tip.
Fig. 3. The SHTB testing system with a fracture specimen and the ﬁxture device.
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in length, respectively, both 19 mm in diameter. Two striker tubes
of 260 and 380 mm in length respectively were employed in the
tests, both with an outer diameter of 26 mm and inner diameter
of 19.2 mm. The bars and the striker tube are all made of 18Ni steel
and behave elastically during the test. The working principle and
speciﬁcation of the air gun was introduced by Guo et al. (2010).
When the striker tube around the incident bar is accelerated by
the air gun, it will slide along the incident bar and impact the
ﬂange, generating a tensile pulse in the incident bar. When the ten-
sile pulse travels down the incident bar, part of it propagates into
the specimen and the transmission bar in tension through the ﬁx-
tures, and the rest reﬂects into the incident bar as a compression
pulse. The incident and reﬂected stress waves, as well as the trans-
mitted stress wave, are monitored by the gages mounted on the
bars, and recorded by an oscilloscope. In the present study, the dis-
tance is 700 mm between the strain gage and the bar end that is
connected with the specimen. The duration of the incident pulse
is controlled by the length of the striker tube, while different pulse
amplitudes are obtained by changing the impact velocity of the
striker tube, to meet the loading conditions in need.
In fracture tests, the failure modes and fracture behaviors of
materials are inﬂuenced to a large extend by the loading condi-
tions. Different phenomena may be observed in the material after
testing if the amplitude or the duration of the loads is changed, or
the specimen is loaded under different loading rates. For metals, it
is known that the response of the material in high strain rate defor-
mation relates to the deformation history, which is associated withthe deformation substructures (Li et al., 1993). Moreover, a frac-
ture, which has not been initiated by the ﬁrst stress pulse in the
Hopkinson bar, may begin to extend when it is reloaded by the re-
ﬂected pulses, and thus the obtained DFT is not the real value for
the tested material. All the instances above indicate that reloading
of the specimen by reﬂected pulses should be avoided in the test.
In this work, a momentum trapping technique, which was origi-
nally proposed by Nemat-Nasser et al. (1991), is used to subject
the specimen to a single stress pulse with pre-assigned shape
and duration. Details of the operational principle of this device
can be reached in the reference (Nemat-Nasser et al., 1991).3.2. Fixture and specimen
The ﬁxing of specimen has been one of the main difﬁculties
encountered in the development of the tension version of the split
Hopkinson bar apparatus. A center-cracked plate specimen is used
in the present study. In order to attach this specimen to the tension
bars, a ﬁxture device is specially designed. This device includes two
same cylindrical grips, made of heat-treated high strength steel.
One end of the grip is threaded to connect with the bar end; at
the other end, a square notch is made along the center axle and
a pin hole is machined in the vertical direction to the notch plane.
The same holes are also made at both ends of the plate specimen,
so as to ﬁx this specimen to the grips with pins. Fig. 3 also sche-
matically shows the connection of the tension bars and the speci-
men by the grips. Details of the shape and dimensions of the grip
are shown in Fig. 4 (Xu et al., in press). One important advantage
of this ﬁxture device is that, it can endure much higher dynamic
loading than direct adhesive or thread connection between the
specimen and the bars. Therefore, the thickness of the specimen
can be increased to an appropriate value to achieve plane strain
state at the crack tip.
The tensile specimen used in the present study is a dog-bone
shaped plate with a central crack and two locating holes at both
ends. The material used for the specimen is a high strength steel,
40Cr. The chemical compositions are (wt.%): 0.37–0.45 C, 0.50–
0.80 Mn, 0.20–0.40 Si, and 0.80–1.10 Cr. The metal plate is ﬁrst
oil-quenched at 840 C, and then tempered at 200 C, followed by
oil or water cooling. The yield and the ultimate tensile strengths
of the steel were 1481 and 1987 MPa (Xu et al., 2006a) under qua-
si-static condition, respectively. The geometry of the specimen is
shown in Fig. 5. To generate mixed mode I/II components of DSIF
at the crack tip, the crack is oriented at an angle b to the load direc-
tion. The advantage of this specimen design is that mixed mode I/II
loading can be easily applied on the specimen, and the mode mix-
ity can also be controlled conveniently by changing the crack incli-
nation angle b. In this scheme, b = 90 represents the pure mode I
condition. An increase in mode II loading component is achieved
by reducing b. Four values of b are selected here, which are 90,
60, 45, and 30. As the specimen has a constant width of
20 mm at the test section, with the decrease of b, the crack length
Fig. 4. Geometry and dimensions of the grip.
Fig. 5. Geometry of the center cracked tensile specimen.
Fig. 6. Schematic description of the precracking method of a specimen.
Fig. 7. Typical signals measured in the dynamic fracture tests: (a) signals on bars
and specimen (b = 30), and (b) enlarged plots of the fracture initiation signals in
Fig. 7(a).
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the uncracked ligament. For the four values of b from 90 to 30,
the crack length is 10, 11.5, 14.1, and 20 mm, respectively. It is
important to note that all the cracks in the specimens are prepared
via a special fatigue procedure. Firstly, a center notch that is paral-
lel to the edge of a rectangular plate is made by electrical discharge
machine (EDM). Next, the notch is fatigue precracked to a proper
length. Then the dog-bone shaped tensile specimen is cut from
the plate with a predesigned crack angle b. Fig. 6 is a schematic
description of the precracking of a specimen. In the later study of
numerical simulation, the fracture length established in each mod-
el is based on the exact value measured from the specimen, consid-
ering the error induced from the prefabrication of fracture by
fatigue.
Six specimens have been tested for each of the four crack an-
gles. To obtain different loading rates at the crack tip, the striker
tube is launched at different velocities for each crack angle. Frac-
ture initiation time tf is measured using the strain gage method.
The type of strain gages used here is BE120-5AA, produced by ZE-
MIC in Hanzhong, China. The area of the grids in the strain gage is
2.0  1.7 mm. Both tips of the crack are monitored by strain gages
mounted near the crack tips, with the grids parallel to the loadingdirection, as shown in Fig. 5. Because of the limitation of the spec-
imen dimension and the ligament width, the strain gages are
mounted to the specimen in the extending route of the crack tip
and the ﬁrst grid of the resistance wire in the gage lies just above
the crack tip. So the moment the crack tip initiates during the test,
the resistance wire breaks and a peak forms in the signal. Typical
signals measured in the tension bars and the specimen (b = 30)
are shown in Fig. 7. From Fig. 7(b) it can be observed that the
two crack tips did not initiate at the same time due to the unsym-
metry of the fracture in specimen. In this work, only the ﬁrst frac-
Fig. 8. Tested specimens for different crack angles.
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for each specimen. Determination of the mode I and mode II DFT
with tf will be introduced in the following section. The tested spec-
imens for different crack angles are shown in Fig. 8.4. Results and discussion
4.1. Numerical simulation and veriﬁcation
As introduced previously (Xu et al., in press), in the determina-
tion of the mode I and mode II DSIF, a hybrid experimental–numer-
ical method can be adopted to avoid the limitation of stress-state
equilibrium in the specimen, which is necessary when the load
or displacement of the specimen is determined by the Hopkinson
bar technique, or the DSIF is calculated using a quasi-static fracture
theory. Therefore, the length of the specimen is not restricted,
which makes the use of inclined cracks possible here to generate
mixed mode I/II loading. The numerical simulation is performed
by FEA using a commercial computer program ABAQUS/Explicit.
In the simulation, the easily measurable experimental parameter
is usually used as an input for the numerical model of the experi-
ment to obtain the hard-to-reach information (Kobayashi, 1987). In
this study, we choose the incident stress wave detected in the inci-
dent bar as input data in the FEA. For each specimen, a full-scale 3D
ﬁnite element simulation is carried out with the corresponding
incident stress wave and the precise crack length measured from
the specimen.
In simulation, all the models comprise simultaneously the ten-
sion bars, the specimen, as well as the ﬁxture device. The tensile
stress pulse is applied directly to the end of the incident bar, while
the end of transmission bar is free of constrain. Friction between
the bars and the holding device is neglected. The length of the bars
built in the FEA model is determined by the measured fracture ini-
tiation time in each test to insure that the fracture in specimen is
initiated before the reﬂected loading stress wave from the ﬁxing
system goes back to the crack tip again after it reaches the end
of the incident bar in the simulation. Thus inﬂuence of the reﬂected
stress waves on the fracture can be avoided in the FEA. For simplic-
ity, the screw threads are omitted and the bar end and the grip are
modeled together as one part. Connection between the pin and the
pin holes in the grip and the specimen is controlled with a kine-
matic contact method. In order to conveniently reﬁne the FEA
meshes and simulate the effect of stress waves better, a 4-node lin-
ear tetrahedron element with lumped mass equation was used.
The FEA meshes are reﬁned at the crack tip region and contacting
parts of the grips, the pins and the specimen. Examples of meshes
and tension stress (in the direction of the bar axis) distribution in
the bar and specimen (b = 90) are shown in Fig. 9. For this exam-
ple, the crack length is 9.52 mm. In Fig. 9(a), the bars and gripscomprise 27236 nodes and 123091 elements, while the specimen
comprises 9590 nodes and 40574 elements. In the crack tip region,
the minimum distance between two adjoining nodes is 0.09 mm.
From the crack tip to the ligament and the middle of the crack,
the interval of nodes increases gradually. Due to the brittle feature
of the 40Cr steel, only linear-elastic calculation is performed in the
simulation. The material constants are: density q = 7.82 g/cm3,
Young’s modulus E = 199 GPa, and Poisson’s ratio t = 0. 3 for the
specimen; density q = 7.80 g/cm3, Young’s modulus E = 210 GPa,
and Poisson’s ratio t = 0.3 for the bars and ﬁxture (Xu, 2008; Xu
et al., 2006a,b).
To check the stress-state of the crack tip region, the von Mises
stress distribution in the cross section of the ligaments of the spec-
imen is shown in Fig. 10. It is observed that the stress distribution
is symmetrical for the two crack tips due to the symmetry of the
specimen and the applied dynamic load. From the center to the
surface of the specimen, the amplitudes of stress along the crack
tip change very slightly. The outline of the von Mises stress distri-
bution for an amplitude that is close to the yield strength of the
material is nearly parallel to the crack tip line. It indicates that
the crack tip region of the specimen is largely under plane strain.
This conclusion will be further veriﬁed by the ASTM criteria (ASTM
Standard E399-90) and fracture surface examination in the follow-
ing sections.
To check the validity and accuracy of the numerical simulation,
the FEA results for the same specimen (b = 90) are compared with
the experimental data for both the fracture initiation signals and
the transmitted stress waves. In Fig. 11(a), the tested fracture ini-
tiation signals are converted into stress history r(t), from the rela-
tion r(t) = Ee(t), where E is the Young’s modulus of the specimen,
and e(t) is the temporal variation of strain measured by the strain
gage near the crack tip; the simulation result is the average value
from elements located in the same region as the strain gage. Due
to symmetry of the specimen, the stress curves for the calculated
and experimental results are only plotted for one of the crack tips.
Under impact loading, the stress at the crack tip begins to increase
at 83 ls rapidly from zero to the maximum value of 433.8 MPa
within 31 ls, which is the fracture initiation time tf of this speci-
men. In this period, the calculated stress history is in very good
agreement with the measured stress curves. At 114 ls, the re-
corded stress drops abruptly to zero because of the growth of the
crack. In the FEA, however, extension of the crack is not considered,
and hence the stress increases continuously with the propagation
of more loading stress waves through the specimen. Fig. 11(b)
shows comparison between simulation and tested results for the
transmitted stress waves in the transmission bar. As expected,
the ascending section of the stress curve from numerical simula-
tion agrees well with the measured data for the initial 31 ls (tf)
after the approach of the transmitted stress waves at 115 ls. From
146 ls, the simulation result keeps its previous increasing ten-
dency, but the experimental data rise at a lower rate, due to the ini-
tiation and growth of the fracture. The consistency between the
fracture initiation time and the tendency of the transmitted stress
wave shows that the experimental technique we use here is valid,
and the signals measured in tests are precise. Comparison between
numerical and experimental results indicates that the FEA per-
formed in this work has very good agreement with the test mea-
surement before the initiation of the fracture. Therefore, the
simulation adopted in the numerical analyses, as well as the DFT
determined on the basis of the simulation results is reliable.
4.2. Mixed mode DSIF-time curves
The variations of mode I and mode II DSIF with time can be cal-
culated by Eq. (1) once the displacements are obtained. Here we
use the displacements at the center of the crack surfaces, for
Fig. 9. FE simulation of the test for a specimen with b = 90: (a) reﬁnement of FE meshes at crack tip, and (b) tension stress (in the direction of the bar axis) distribution in the
specimen and the ﬁxture device under dynamic loading.
Fig. 10. Distribution of von Mises stress in the cross section of the ligaments of the
specimen (b = 90).
Fig. 11. Comparison between simulation and experimental results for test of a
specimen with b = 90: (a) stress curve near the crack tip, and (b) transmitted stress
wave in the transmission bar.
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pressed as:
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where r is the radial distance from the crack tip to the nodes for
which the transverse and longitudinal displacements are deter-
mined. The parameter u (or v) is evaluated by averaging of the trans-
verse (or longitudinal) displacement values from the both nodes at
the upper and the lower fracture surfaces. By substituting the values
of u, v, and r for a speciﬁc time t, a plot of KI and KII against radial dis-
tance r can be drawn. Then the magnitudes of KI and KII at the crack
tip (r = 0) are obtained by linear extrapolation along the line of
nodes, discarding the points that are very close to the crack tip. Car-
rying out this operation for different time values, KI(t) and KII(t)
curves can be plotted. Fig. 12(a) shows examples of variation of cal-
culated DSIF with increase of radial distance r, at six different load-
ing times for a specimen with b = 90. Discarding the ﬁrst three
values of DSIF, linear extrapolation was performed using six points
for each example to determine the KI value at the crack tip for the
corresponding loading time. Fig. 12(b) shows the obtained KI(t)
curve of this specimen for an entire loading history of 200 ls. As
plane strain condition is met here (as will be further shown in the
following section), k = 3–4t is used for all the calculations.
Typical curves of KI(t) and KII(t) obtained for different crack an-
gles are shown in Fig. 13. It is clear that the KI(t) curves increase
monotonically with time for all the crack angles. A similar regular-
ity can be seen in the KII(t) curves for b = 60, 45, and 30. Spe-
cially, the values of mode II DSIF for b = 90 are nearly zero all
along; slight oscillations of the KII(t) curve can be observed alongthe x axis due to the propagation and reﬂection of stress waves
in the specimen. With the decrease of b, the slope of the KI(t)
curves reduces and the mode I DSIF decreases gradually at a con-
stant time value. For the KII(t) curves, however, the situation is
on the contrary. With the decrease of crack angel, and at the same
time with the increase of crack length, the mode II component of
DSIF is elevated at the crack tip. Hence the slope of the KII(t) curves,
as well as the KII(t) values at each speciﬁc time, rises with a
decreasing b. Thus the components of mode I and II are changed
via the varieties of crack angle, and the fracture mode mixity is
controlled accordingly.
Fig. 12. Determination of DSIF for a specimen (b = 90): (a) variation of DSIF with increase of radial distance r, at six different loading times, and (b) KI(t) curve, each point on
this curve is obtained by linear extrapolation.
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Fig. 13. Typical curves of DSIF as functions of time for different crack angles: (a)
KI(t), and (b) KII(t).
Fig. 14. Determination of KId and KIId by tf (b = 30).
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DFT, the critical value of DSIF at the initiation of crack growth, is
determined from the DSIF-time curves according to the fracture
initiation time tf. To distinguish DFT of a mixed mode fracture from
that of pure mode I and II fractures (KId and KIId, respectively), werepresent mode I and II DFT with (KI)d and (KII)d respectively for a
mixed mode fracture. For specimens with crack angle b = 30, 45,
or 60, the two crack tips do not initiate simultaneously under im-
pact loading due to the unsymmetry of the fracture in specimen.
Once the ﬁrst crack tip begins to extend, the propagation of stress
waves in the ligament will be inﬂuenced. Meanwhile, newly gener-
ated stress waves at the moving crack tip will propagate to the sec-
ond crack tip and affect its stress condition. As crack propagation is
not considered in our simulation, only the ﬁrst fracture initiation
signal is used to obtain the fracture initiation time of the corre-
sponding crack tip. Determination of mode I and mode II DFT from
the DSIF-time curves for the same test as shown in Fig. 7 is pre-
sented in Fig. 14.
The average values of (KI)d and (KII)d for different crack angles
are presented in Fig. 15. It is clear that with the increase of crack
angle b from 30 to 90, (KII)d decreases quickly from
48.8 MPam1/2 to 0. For (KI)d, the minimum value, 35.1 MPam1/2,
is also present at b = 90, but when b increases from 30, (KI)d rises
slowly from 42.8 MPam1/2 to the highest value of 46.5 MPam1/2,
for b = 45. When b is continuously increased, (KI)d reduces to its
lowest value. The results also show that although the (KII)d values
vary largely for different crack angles, the (KI)d values do not
change very much with b. If we examine the mode mixity by the
Fig. 15. Average values of (KI)d and (KII)d for different b.
Fig. 16. Variation of I–II mode mixity with b.
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can be expressed in Fig. 16, in which the (KII)d /(KI)d ratio decreases
from 1.14 to 0 when b changes from 30 to 90. Thus, the mode
mixity of the I/II mixed mode fracture under dynamic loading for
40Cr steel was controlled successfully.
In dynamic fracture tests, the loading rate _K I is deﬁned by
_K I ¼ K Id=tf : ð5Þ
For each test, once the KId is determined, the loading rate can be cal-
culated accordingly. In this work, the loading rate of the tests is on
the order of 106 MPa m1/2s1. The validity of the obtained DFT is
checked with the ASTM criteria (ASTM Standard E399-90, 2002):
B and aP 2:5
K Id
rys
 2
ð6Þ
where B is thickness of the specimen, and rys is yield strength of the
material under quasi-static condition. For the maximum value of
(KI)d (46.5 MPa m1/2, b = 45), the value of 2.5(KId/rys)2 is
2.46 mm. Therefore, these criteria are satisﬁed for the dimensions
of the specimens used here, and plane strain condition can be en-
sured at the crack tip in the current tests. It is noteworthy that
the plane strain condition is more likely to achieve when a dynamic
material strength parameter is used in Eq. (6), due to the strength-
ening of the yield stress at a higher strain rate.4.4. Dynamic fracture plane of I-II mixed mode
Several criterions (Sih, 1968; Achenbach, 1970; Steverding and
Lehnigk, 1970; Nilsson, 1984; Mines, 1990) have been proposed
with respect to pure mode I and pure mode II fracture under dy-
namic condition. However, to the authors’ knowledge, there is no
criterion established presently for mixed mode fracture under dy-
namic loading. In order to understand the relationship between
(KI)d and (KII)d for different crack angles, a mixed mode dynamic
fracture plane, ðKIÞd=K0Id  ðKIIÞd=K0Id is established in Fig. 17, where
K0Id is the average value of pure mode I DFT for b = 90. Note that
three invalid data are excluded from this plot, two for b = 45
and one for b = 30 (Xu, 2008).
In Fig. 17, the x and y axes represent the pure mode II and I
cases, respectively. It is observed that for each speciﬁc crack an-
gle, the results are close and they distribute near a line through
the origin of coordinates, indicating that the KII/KI ratio is nearly
the same for each b regardless of the loading rate. When b
changes from 90 to 30, these data arrange from the y axis to
the right side, which implies the increase of mode II components.
It is also seen that with the decrease of b, these data ﬁrstly go up
and then descend, similar to the regularity of the average value of
(KI)d in Fig. 15. It should be noted that with the increase of the
loading rate in our tests, the DFT of 40Cr steel decreases, as pre-
sented in Fig. 17, the data moving towards the origin for all the
crack angles (see the arrow direction). Therefore, the effect of
loading rate on DFT is also exhibited in this plane. In this study,
the loading rates range from 0.7  106 MPa m1/2 s1 to
1.3  106 MPa m1/2 s1; two characteristic lines for the DFT val-
ues, representing both the loading rates respectively, can be
drawn along the upper and lower data in Fig. 17. Hence, the area
enveloped by the 1.3  106 MPa m1/2 s1 line can be considered as
a safety zone, within which the crack will not initiate at
1.3  106 MPa m1/2 s1 or a lower loading rate. As no pure mode
II data are obtained in this work, average value of KIId for the
same material that was tested previously (Xu et al., 2006b) is
used here (see the datum located on the x axis). From b = 30 to
the x axis, the characteristic lines are drawn with dotted lines
due to the absence of experimental results, just representing pos-
sible loci of the missing data.
4.5. Fractography
The fracture surfaces of the tested specimens are all observed
after testing, to gain insight into the fracture mechanisms. No
macroscopical shear lips appear in any of the surfaces. The fracture
surface for b = 90 is comparatively ﬂat and dark (Fig. 18(a)), which
is perpendicular to the direction of tension. When mode II compo-
nent sets in, the fracture surfaces become much coarser and have a
very bright appearance (Fig. 18(b)–(d)). For b = 45, the fracture
surface has a largest irregularity, and a small amount of plastic
deformation is observed in the material near the fracture surface.
Under the scanning electron microscope (SEM), it can be seen that
intercrystalline failure is the dominant fracture mode for b = 90.
The crack propagates along the grain boundaries under dynamic
tension, forming a comparatively ﬂat surface (Fig. 19(a) and (b)).
For the mixed mode fractures with b = 60, 45 and 30, however,
transgranular features are amply observed. Large cleavage facets
and steps irregularly extend through the grains on the preferred
crystallographic plane, making the fracture surface macroscopi-
cally coarse. It can also be observed that it is the cleavage facets
and steps that have high reﬂectivity and give the fracture a shiny
aspect macroscopically (Fig. 19(c) and (d)). Fig. 19(d) also shows
the typical image of river patterns, indicating a brittle fracture
manner. In Fig. 19(e), another distinctive feature of cleavage frac-
ture, tongues, is in presence, arising from the formation of mechan-
Fig. 17. Dynamic fracture plane for I–II mixed mode.
Fig. 18. Fracture surfaces for different crack angles: (a) b = 90, (b) b = 60, (c) b = 45, and (d) b = 30.
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examples of their appearance may also be seen in the center of
Fig. 19(d). In some cases, river pattern is extended from the origin
of fracture in the form of cleavage fans, showing separation within
one grain on numerous cleavage planes, see Fig. 19(f). All the fea-
tures presented from Fig. 19(c) to (f) identify cleavage fracture. The
difference in manner between pure mode I and mixed mode frac-
tures indicates that the mechanisms of fracture may rely largely on
loading conditions at the crack tip. Intergranular fracture is moreinclined to happen under pure mode I condition. For mixed mode
conditions, however, transgranular cleavage is the uppermost frac-
ture manner. At the cleavage steps, river patterns and tongues,
small scale plastic deformation is likely to occur. It is the mode II
component shear stress that supplies the extra energy to form
the plastic deformation. It can be further identiﬁed from Fig. 17,
in which the pure mode I DFT (on the y axis) is the lowest and
therefore the fracture needs the lowest energy to initiate and
propagate.
Fig. 19. SEM images of the fracture surfaces: (a) a comparatively ﬂat fracture surface for b = 90, (b) intergranular fracture for b = 90, (c) a comparatively coarse fracture
surface made up with cleavage facets and steps for b = 60, (d) river patterns and cleavage facets for b = 60, (e) tongues for b = 30, and (f) cleavage fans for b = 30.
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A novel methodology for determining DFT of materials under
mixed mode I/II dynamic loading is developed in this study, with
the aid of the SHTB techniques and a hybrid experimental–numer-
ical method. The 40Cr steel is tested by this approach and the fol-
lowing conclusions can be reached:
(1) In the proposed approach, the length and thickness of the
specimen are not limited, because the stress-state equilib-
rium is not required in the specimen and the connection
strength between specimen and bars can be assured with
the specially designed ﬁxture device. Using a series of tensile
specimens with mixed mode fracture at the center, mode I
and II components of DSIF are generated simultaneously at
the crack tip, which are successfully loaded by the SHTB
apparatus with a specially designed ﬁxture device. The load-
ing rate is on the order of 106 MPa m1/2 s1.(2) Through the change of the crack inclination angle b from 90
to 30, the mode mixity of the KI and KII components are suc-
cessfully controlled, with the KII/KI ratio ranging from 0 to
1.14. The DSIF vs time curves are separately obtained for
mode I and mode II, and the mixed mode DFT are deter-
mined according to tf. The obtained DFT is checked with
the ASTM criteria. Plane strain condition can be achieved
at the crack tip in the present tests.
(3) A dynamic fracture plane is obtained on the base of experi-
mental results. The information of the crack inclination
angle and the loading rate can also be shown in this plane.
A safety zone is identiﬁed for the area enveloped by the
characteristic line of 1.3  106 MPa m1/2 s1, within which
the crack will not initiate at this loading rate or a lower one.
(4) According to fractography, different failure mechanisms are
identiﬁed for pure mode I and mixed mode fracture. Inter-
granular fracture mainly happens under pure mode I condi-
tion, while transgranular cleavage is the uppermost manner
376 Z. Xu, Y. Li / International Journal of Solids and Structures 49 (2012) 366–376for a mixed mode fracture. The mode II component shear
stress supplies the extra energy to form the plastic deforma-
tion in transgranular fracture.
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